Abstract. We consider the use of directionality in the search for monoenergetic sub-GeV neutrinos arising from the decay of stopped kaons, which can be produced by dark matter annihilation in the core of the Sun. When these neutrinos undergo charged-current interactions with a nucleus at a neutrino detector, they often eject a proton which is highly peaked in the forward direction. The direction of this track can be measured at DUNE, allowing one to distinguish signal from background by comparing on-source and off-source event rates. We find that directional information can enhance the signal to background ratio by up to a factor of 5.
Introduction
One of the major strategies used to study interactions of dark matter with Standard Model matter is the search for neutrinos arising from dark matter annihilation in the core of the Sun [1] [2] [3] . The usual focus of this strategy is on the production of energetic neutrinos from the decay of certain high-mass annihilation products, which is the subject of all present experimental searches [4] [5] [6] . The high-energy neutrino signal will almost certainly be accompanied by a low-energy neutrino component, which has its origin in a hadronic cascade that develops in the dense solar medium and produces large numbers of light long-lived mesonspredominantly π + and K + -which will eventually stop and decay at rest. The high-energy signal benefits from a large interaction cross section at the detector and faces smaller backgrounds compared to less energetic neutrinos from the hadronic cascades. However, if dark matter annihilates predominantly to light quarks (u, d, and s) the low-energy neutrino signal might be much more detectable. Although these channels produce few energetic neutrinos, the decays of long-lived stopped mesons will produce a large number of low-energy neutrinos, which can be detected above background [7, 8] . Moreover, the decay of each π + or K + will produce a monoenergetic ν µ with an energy 30 MeV or 236 MeV, respectively. These monoenergetic neutrinos would be a striking signal at neutrino detectors with excellent energy resolution [9, 10] . Liquid argon based detectors such as DUNE [11] are ideally suited for this search, but interesting prospects are also expected for liquid scintillator based detectors such as RENO-50 [12] or JUNO [13] , water-based liquid scintillators [14] , or water cherenkov detectors such as Hyper-Kamiokande (Hyper-K) [15, 16] .
When searching for high-energy neutrinos produced by dark matter annihilation, one typically reduces the roughly isotropic atmospheric neutrino background by focusing only on events wherein a charged-current interaction in the detector produces a charged lepton pointing away from the Sun. But this strategy fails if the neutrinos have energy O(1) GeV, because in this case the charged leptons are produced largely isotropically. In this work, we point out that directional information for sub-GeV neutrinos can be determined from the recoil of the struck nucleon within the nuclear target, which is typically liberated from the nucleus in the forward direction. The use of this directional information to remove background can enhance the sensitivity of this dark matter search strategy. More importantly, it significantly enhances signal to background; it allows one to estimate backgrounds from the data itself ("off-source") and provides confidence in a signal should an excess be observed.
The main utility of this strategy will be in the search for 236 MeV neutrinos arising from the leptonic decays of stopped kaons in the Sun. Within 1 year of running, one would expect tens of ∼ 236 MeV atmospheric neutrino background events at DUNE, making it desirable to reduce this background in order to increase sensitivity [10] . On the other hand, with a similar exposure one would expect less than one background event arising from ∼ 30 MeV atmospheric neutrinos; 1 so unless exposures are increased dramatically, directional information will be of little benefit in the search for 30 MeV neutrinos from stopped pions in the Sun. In any case, the higher energy 236 MeV neutrinos will impart a larger forward boost to a liberated nucleon within the detector, improving one's ability to obtain direction information about the incoming neutrino.
We will use the NuWro software package [17] to simulate charged-current interactions of 236 MeV ν e and ν µ with an argon target. We find that a large fraction of events will, in addition to producing a charged lepton, liberate a single proton from the nucleus, which otherwise remains intact. This is a relatively clean signal for a liquid argon time projection chamber (LArTPC) such as DUNE. Moreover, since LArTPCs can reconstruct the track of the proton, we can use directional cuts on the proton's angular distribution to reduce the isotropic background neutrinos relative to the on-source signal neutrinos. The NuWrogenerated event samples are used to determine these cut efficiencies.
It is important to keep in mind that the theoretical understanding of neutrino-nucleus interactions in the O(100) MeV energy range is far from complete. As such, results such as cross sections and angular distributions obtained from any computational tool may have only limited accuracy. But we emphasize that these results really act as a proof-of-principle; for an actual analysis, the angular cuts and associated efficiencies can be determined from calibrations which can be performed at DUNE, as we will discuss. This paper is structured as follows. In section II, we will review the event rates at DUNE arising from dark matter annihilation in the Sun, as well as from the atmospheric neutrino background. In section III, we demonstrate that one can significantly reduce the background at DUNE using cuts which preferentially select events where the neutrinos arrive from the direction of the Sun. We describe our results in section IV, and conclude in section V.
The Neutrino Event Rate at DUNE
We consider the scenario where dark matter collects in the core of the Sun after scattering against solar nuclei, and then annihilates to a cascade of Standard Model particles whose subsequent decays produce neutrinos. We will be focused on the case of relatively low mass dark matter (m X ∼ 10 GeV) which exhibits spin-dependent scattering against protons, as this is the scenario in which the sensitivity of neutrino detectors is most competitive with direct-detection experiments. But we only consider the mass range m X 4 GeV, as lighter dark matter will tend to evaporate from the Sun [18] . We assume here and throughout that the Sun is in equilibrium, so the total dark matter annihilation rate (Γ A ) and the rate at which dark matter is captured by the Sun (Γ C ) are related by Γ A = Γ C /2. This is in fact a somewhat conservative assumption: for dark matter with a mass m X ∼ 10 GeV and an annihilation cross section σ ann. v ∼ 1 pb, one would expect the Sun to be in equilibrium if the dark matter-proton spin-dependent scattering cross section satisfies σ p SD > 3 × 10 −7 pb [19] . Let us assume that dark matter annihilates to light quark/anti-quark pairs. These quarks will shower and hadronize to produce a number of long-lived mesons, which will subsequently undergo interactions with the dense nuclear medium of the Sun. These interactions will, in turn, result in further hadronic particle showers, yielding a very large number of secondary light mesons which will come to rest and decay. In this way, the initial (high) energy released from dark matter annihilation is transformed into a large number of light mesons, whose decays at rest can produce low-energy neutrino signals that rise above the background. Almost any channel that yields high-energy neutrinos through decays will also be accompanied by this low-energy neutrino signal. Consequently, should a signal be observed, the relationship between high-and low-energy signal contributions can potentially allow one to determine or constrain the mix of annihilation channels.
Of interest to us are π + and K + , which decay via the process π + , K + → ν µ µ + with branching fractions of ∼ 100% and 64%, respectively. There will be no significant neutrino signal arising from the decay of negatively charged mesons, such as π − , as they will instead be Coulomb-captured by nuclei [20] . There will also be no significant neutrino signal from the neutral mesons, which predominately (and promptly) decay to photons.
The decay of a stopped π + or K + to the ν µ µ + final state will result in a monoenergetic ν µ with energy of 29.8 MeV or 235.5 MeV, respectively. The subsequent decay of the µ + will produce continuumν µ and ν e spectra as well, which have been subject to previous studies [7, 8] . For this analysis, we will focus on the monoenergetic ν µ from kaon decay. After oscillations in the Sun and in vacuum, it can arrive at an Earth-based neutrino detector as a ν e or ν µ with sufficient energy to produce a charged lepton 2 via quasi-elastic charged-current (QECC) interactions of the form ν + n → − + p. In fact, for energies below 1 GeV, QECC interactions dominate over other possible interactions such as resonant production (e.g., ν + n → − + ∆ + ) or deep inelastic scattering. Moreover, for 235.5 MeV incoming neutrinos the struck nucleon in QECC interactions is typically ejected from the target nucleus, and very little of the transferred energy remains with the remnant nucleus. This is confirmed in Monte-Carlo simulations, but the fact that very little energy is transferred to the remnant nucleus is to be expected from the kinematics: For 2 → 2 scatterings that do not liberate a nucleon, the amount of kinetic energy that can be transferred to nucleus is O(3 MeV). One would then expect the recoil energy of the 40 Ar nucleus remnant to remain small even when a struck nucleon is liberated. Moreover, Monte-Carlo simulations indicate that the small amount of energy that is transferred to the remnant nucleus will often excite the nucleus, and the energy released as the nucleus falls back to its ground state may be detected. Thus at a detector with excellent energy resolution, one can reconstruct not only the energy of the charged lepton and ejected proton produced through these QECC interactions, but also the total energy of the incoming neutrino.
In determining the monoenergetic neutrino event rate at DUNE, we follow the notation and formalism of [10] . The event rate may be expressed as
where E 0 is the energy of the monoenergetic neutrino, and ∆E is the width of the energy window over which one counts events. Φ is neutrino flux at the detector, T is the time exposure, and A eff is the effective area of the detector. The efficiency with which events pass the selection cuts is denoted by η. The superscripts e and µ distinguish electron and muon neutrinos, while the subscripts S and B distinguish signal and background. Finally, f (E, E ) is a smearing function which accounts for the energy resolution of the detector. Although the effective area and efficiencies are energy-dependent, the energy dependence of the atmospheric neutrino background flux at this energy range is only known to O(10%), which is comparable to the energy resolution. For our purposes, then, we may approximate the effective area and efficiencies to be constants, evaluated at the energy of the monoenergetic neutrino. We then find
where
encapsulates the effects of the detector energy resolution. The effective area can be expressed as
where A Ar ∼ 39.95 is the atomic mass of argon, M target is the fiducial mass of the detector, and σ ν-Ar is the neutrino-argon scattering cross section. Neutrino-nuclei cross sections are not well determined at these energies, either theoretically or experimentally. It is common to calculate these cross sections and to model interaction events using Monte-Carlo techniques, and various software packages have been developed to this end. In this work we use NuWro, since this package utilizes the spectral function for 40 Ar, which has been shown ( [22] ) to be more accurate at modeling interactions at these low energies than the Fermi-gas model typically used in neutrino event generators. As with any major neutrino interaction simulation currently available, however, NuWro utilizes the impulse approximation: in essence, the neutrino is assumed to interact with a single nucleon, which can subsequently interact with other nucleons within the nucleus. At neutrino energies below ≈ 100 MeV [22, 23] , however, the Compton wavelength associated with the initial interaction can become larger than the scale of the individual nucleons, and the impulse approximation may break down. Since we are focusing on incoming neutrinos with energy ≈ 236 MeV, uncertainties arising from the breakdown of the impulse approximation are assumed to be small; we will comment on the possibility of resolving these uncertainties through calibration in the Conclusions.
With NuWro, we calculate the QECC interaction cross sections to be
We find that this is in general agreement (within ∼ 20%) with cross sections evaluated using the GENIE software package [24] (assuming a Fermi gas model for the nucleus), as reported previously in [10] . We note here that the total cross sections for ν + 40 Ar are larger, since this interaction can proceed through other processes such as quasi-elastic neutral-current interactions or coherent scattering with the entire nucleus. We find, however, that the fraction of non-QECC events that pass the event-selection cuts described below is nearly zero. We thus choose to analyze only the QECC events; the efficiencies η e,µ S,B reported in this analysis represent fraction of QECC events that pass the selection and directional cuts. Accordingly, in the definition of detector effective area, Eq. (2.4), we use these cross sections for purely QECC scattering.
The Rate of Signal Events
The neutrino flux arising from dark matter annihilation in the Sun can be expressed as
where Γ C is the rate at which dark matter is captured by the Sun, F e,µ is the fraction of the ν µ produced by stopped K + decay which arrive at the detector as either ν e or ν µ , and r K (m X ) is the fraction of the center-of-mass energy in the annihilation process which goes into stopped kaons as a result of hadronization and subsequent nuclear processes in the Sun. The factor of 0.64 corresponds to the branching fraction for the process K + → ν µ µ + . The Earth-Sun distance is r ⊕ ∼ 1.5 × 10 11 m, and the δ-functions enforce the conditions that the flux be of monoenergetic neutrinos emanating from the core of the Sun. We then find
We will chose the energy width over which we sum events to be given by ∆E = E 0 , where is the fractional full-width energy resolution. In this case, f S ∼ 0.68. We will discuss the possibility of other choices for ∆E in the Conclusions.
For an overview of the calculation of the dark matter capture rate, we refer the reader to [25, 26] . We point out that dark matter capture rates in the Sun show little dependence on the underlying assumptions on the dark matter velocity distribution and other astrophysical uncertainties [27, 28] . Assuming the standard local dark matter density and that dark matternucleon scattering is spin-dependent, the capture rate can be expressed as Γ C = C SD 0 (m X ) × σ p SD , where σ p SD is the spin-dependent dark matter-proton scattering cross section and the C SD 0 (m X ) are coefficients which can be found, for example, in [19, 29] . The r K (m X ) were determined in [10] , and the F e,µ can be found in [30] . In particular, assuming a normal hierarchy (which we do henceforth) and E 0 = 236 MeV, we find that F e = 0.46 and F µ = 0.27. With these pieces, one can determine the rate of signal events as a function of m X and σ p SD for any choice of exposure and η S .
The Rate of Background Events
The dominant source of background events will be atmospheric neutrinos. The atmospheric neutrino background fluxes at 236 MeV are given by [31] 
If we approximate the background atmospheric neutrino flux to be constant over this energy range, then we find
An additional source of background events arises from atmospheric anti -neutrinos, which have fluxes of roughly the same magnitude. These will typically scatter through QECC interactions of the form ν p → + n, and for a small number of events the outgoing neutron will cause a proton to be ejected through intra-nuclear interactions. Since the LArTPCs cannot typically distinguish between positive and negative charged leptons, some of these events will pass our selection cuts. Through NuWro simulation we determine that these events are negligible to this analysis, as they contribute less than 1% of total events passing our cuts.
The number of background events, for any given exposure, is thus where again we have set ∆E = E 0 . We note here that the atmospheric neutrino flux depends on the location of the detector, and may vary from the ones used here by up to a factor of two [31] . The uncertainty in this analysis can be substantially reduced by a more precise calculation of the atmospheric neutrino flux at the specific location of DUNE, but such a calculation is beyond the scope of this work.
Event Selection and Directional Cuts
The overall cut efficiencies η S,B introduced in Eq. (2.2) can be decomposed into a product of two factors, η S,B = η sel ·η dir(S,B) . The factor η sel represents the fraction of neutrino scattering events which pass the event selection and detector threshold cuts. This factor will be identical for both signal and background neutrinos. The second factor η dir(S,B) represents the fraction of events which pass the directionality cuts; since the atmospheric neutrino background is largely isotropic while the signal neutrinos originate from the Sun, we will in general have η dir(S) ≥ η dir(B) . In order to determine the overall cut efficiencies η S,B , we analyze 10 5 QECC ν + 40 Ar events generated in NuWro, for both electron and muon incoming neutrinos of energy E ν = 235.5 MeV. In order to use the 40 Ar spectral function, we set nucleus_target=2 and sf_method=1 in the NuWro parameter-initialization file. All other parameters are set to default values. In addition, we have confirmed that our results are insensitive to small variations of the simulation settings, such as quasielastic form-factor coefficients or final state interaction parameters.
We focus on charged-current interactions, because they will produce a charged lepton which can be easily measured by the detector. As mentioned previously, 235.5 MeV neutrinos will dominantly scatter through QECC interactions with nucleons within the target nuclei, ν + n → − + p + . LArTPC detectors such as DUNE are well-suited to detect the energy of both the charged lepton and the ejected proton, as well as the total energy of the incoming neutrino. Moreover, since the proton will typically be ejected from the nucleus in the forward direction (see Fig. 1 ), LArTPCs with good angular resolution would have directional sensitivity to the incoming neutrino. For these reasons, we require events to contain a single proton and a single charged lepton in the final state. Ar events which pass selection cuts as a function of angle θ of the outgoing proton, showing that protons are typically ejected in the forward direction. The angle is measured from the direction vector of the incoming neutrino. The small number of multi-nucleon knockout events which pass selection cuts are included in these distributions. We have overlaid the number densities for two different choices of detector energy thresholds, which are discussed in the text. These distributions are generated in NuWro, and similar distributions for the ν e channel are essentially identical.
In conjunction with this event selection requirement, we must also take into account the sensitivity of the detector. In order for either lepton or proton track to be identified, the kinetic energy E kin must be greater than a minimum threshold. For the charged lepton, we will take this threshold to be 30 MeV. For the proton, a conservative estimate for the identification threshold is 50 MeV [11] ; we will refer to this requirement as the "tight" threshold in what follows. We will also consider a more optimistic "loose" threshold of 20 MeV.
Our selection cuts thus require that events have exactly one visible (as in, above threshold E kin ) proton and one visible charged lepton. The fraction of total QECC events that pass these cuts is equal to η sel . These efficiencies are collected in Table. 1. We mention here that we have imposed cuts only at the level of event generation, and have made no attempt to realistically simulate the detector response.
In addition single proton ejection events of interest to us here, there will be some number of QECC events where either zero nucleons or more than one nucleon are ejected from the remnant nucleus. These events are mainly the result of intranuclear processes, where the primary struck nucleon interacts with and transfers energy to other nucleons within the nucleus. A small number of multi-nucleon knockout events -where more than one proton or where one or more neutrons are ejected -will pass the selection cuts. This will be the case, for instance, when a scattering event ejects two protons, with only one of these protons above the kinetic energy threshold; Events where an above-threshold proton and a neutron are ejected will also pass our selection requirement, since typically the neutron will escape detection. In these cases, there will be less of a correlation between the tagged proton direction and incoming neutrino direction, since there will be missing momentum associated with the untagged nucleon(s). The final state interactions which give rise to zero-or multi-nucleon knockout QECC events are modeled in NuWro using the intra-nuclear cascade (INC) approach (see [17] for details concerning accuracy and uncertainty in this modeling). All results presented here, including the efficiencies η sel and η dir , are derived from NuWro event samples which include this FSI modeling. Although the NuWro INC approach is expected to be reliable, we mention here that simply turning off all FSI modeling has a less than 5% affect on these efficiencies. Moreover, for events passing selection cuts, the normalized proton angular distributions of events generated without FSI are essentially indistinguishable from the distributions seen in Fig. 1 . Thus the main results demonstrated here -that directionality can be used in these cases to reduce backgrounds -are largely insensitive to the details of how intranuclear modeling is performed. Table 1 . The fraction of QECC events which result in the production of a single charged lepton with E kin > 30 MeV and a single ejected proton satisfying the listed cuts. Note that these efficiencies include multi-nucleon knockout events which pass the selection criteria.
We can now impose a further directional cut, requiring the proton to be ejected within a cone of angle θ centered on the direction from the Sun. The ratio of the selected events passing this directionality cut determines the efficiency η dir . Since the protons are typically ejected in the forward direction, this cut can significantly reduce the number of background events relative to signal events. We will assume that, for the energy regime of interest, the angular resolution of LArTPCs to the proton track is 5 • [11] . Note that there is little to be gained from a similar cut on the lepton direction, as the leptons are produced largely isotropically at these energies.
Since the atmospheric neutrino background is largely isotropic, the fraction of background events that will satisfy this cut is roughly
For the signal, the directionality cut efficiency η dir(S) is calculated from the η sel × 10 5 NuWrogenerated events which have already passed the selection cuts. These events are generated assuming an incoming neutrino beam traveling in the z-direction; we simply count the number of (selected) events which produce a proton within a cone centered on the positive z-axis. The directionality cut efficiency calculated in this manner is shown in Fig. 2 for both incoming ν e and ν µ , and for events selected using both "loose" and "tight" selection cuts. The total cut efficiency η e,µ S,B is now simply given by multiplying the selection efficiencies η sel in Table 1 by the directionality cut efficiencies η dir(S,B) in Fig. 2 .
We will choose the angular cut on the direction of the proton in order to maximize the improvement in statistical significance. In the limit in which Gaussian statistics are appropriate, this amounts to maximizing the quantity η S / √ η B . We list the relevant cuts and efficiencies in Table 2 . Note, for all of the directional cuts, the half-angle is much larger than the angular resolution. We have not accounted for the smearing of the reconstructed proton direction due to the angular resolution, because this is in any case a very small effect compared to the other uncertainties in the problem. For the case of loose cuts on the proton kinetic energy (E kin > 20 MeV), the quantity S/ √ B can be increased by a factor of ∼ 40% by the use of directionality cuts. But for the case of tight cuts on the proton energy (E kin > 50 MeV), S/ √ B is essentially unchanged. Although the signal significance is only marginally improved, the signal-to-background ratio always increases dramatically, by a factor of ∼ 4 − 5 for tight cuts, and ∼ 3.5 for loose cuts. Moreover, in all cases, ∼ 70-80% of signal events are expected to pass the directional cuts, compared to ∼ 15-20% of background events. The striking difference between "on-source" and "off-source" event rates will be useful in distinguishing signal from background.
Results
We will consider, as an example, a sensitivity estimate for DUNE running with an exposure of 340 kT yr and a 10% energy resolution ( = 0.1). As a benchmark, we consider the scenario where dark matter collects in the core of the Sun as a result of spin-dependent scattering with nuclei in the Sun, and then annihilates to first-generation quarks (the average number of K + produced per annihilation is the same for theūu anddd channels [10] ). We consider muon and electron channels separately to compare their performance, and then combine them to provide the optimal sensitivity. For simplicity we assume that the number of observed electron or muon events (N obs ) is equal to the number of expected background events, rounded to the Table 2 . The cone half-angle, in the direction from the Sun, within which the ejected proton track must lie for each of the listed cuts. These cone-angles maximize the increase in statistical significance gained by using this directional search strategy. Also given is the total efficiency of each set of cuts for signal (η S ) and background (η B ) events, as well as the enhancement to the signal-to-background ratio obtained by applying each set of cuts. The last column gives the factor by which sensitivity is enhanced, for a fixed exposure, by the application of the given directional cuts.
nearest integer. A signal is excluded at 90%CL if the Poisson-distributed total number of events consisting of the sum of background and signal exceeds the assumed observed number of events in at least 90% of the cases. For each set of cuts, the number of expected background events, assumed observed events, and the number of expected signal events needed for 90%CL exclusion is presented in Table 3 . We also determine the sensitivity of a joint electron/muon analysis; in this case, a cross section is excluded at 90%CL if the probability of observing N e obs or fewer electron events given the expected number of electron events (N e S + N e B ), multiplied by the probability of observing N µ obs or fewer muon events given the expected number of muon events, is at most 10%. The corresponding cross section exclusion contours, as a function of m X , are given in Figure 3 . These contours are represented by bands, with the upper and lower edges of the bands corresponding to the tight and loose threshold energy requirements, respectively. Table 3 . The number of expected background events (N B ) which would pass each set of cuts at DUNE, assuming = 0.1 and a 340 kT yr exposure. Also given are the number of events assumed to observed (N obs ) for the purpose of this analysis, and the number of expected signal events passing the cuts which would be required in order for the model to be excluded at 90%CL.
The constraints from the electron channel are tighter than those from the muon channel. This is due to a combination of three effects: the greater effective area of the detector for the electron channel, the larger electron neutrino flux from the Sun resulting from oscillation effects, and the smaller atmospheric electron neutrino background. Moreover, the loose cuts provide for slightly better sensitivity than the tight cuts, because of the greater efficiency of the selection cuts. Although these cuts provide a marginal improvement in statistical sensitivity, the real advantage lies in the improved signal-to-background ratio; as we see from Table 3 , the signal-to-background ratio (N S /N B ) can be as large as 43% in the case of tight cuts (electron or muon), an improvement by a factor of ∼ 4 − 5 over the case without these cuts. This is especially important because the signal is heavily peaked on-source, allowing one to more easily distinguish signal from an unexpected background. Figure 3 . Experimental sensitivity of DUNE at 90%CL (with an exposure of 340 kT yr) using the directional search described in this work. The bands span the sensitivity probed using the tight proton energy threshold requirement (upper edges) and the more optimistic loose threshold energy requirement (lower edges). The blue band represents the combined sensitivities from the electrononly and muon-only analysis. Also shown are previous sensitivities from DUNE [11] , Super-K [32] , and Hyper-K [15, 16] when directional information is not used, as found in [10] . We also show the exclusion regions based on IceCube data [4, 33] computed with nulike [33] [34] [35] , on PICO-60 [36] and on PICO-2L [37] , and the region favored by DAMA/LIBRA (at 90%/3σ/5σ/7σ CL) [38] .
DUNE Directional Previous Sensitivities
We have assumed an energy resolution of 10% and that energy and angular resolutions do not depend on the direction of the incoming neutrino flux. To rescale these limits for other choices of the energy resolution, we note that, in the limit where background is significant, the sensitivity scales as −1/2 . To determine the exact sensitivity for DUNE a full detector simulation is required, which is beyond the scope of this work. We encourage the DUNE collaboration to carry out such a study.
Conclusions
We have considered the possibility of using DUNE to perform a directional search for the monoenergetic 236 MeV neutrinos which can result from the copious decays of stopped K + produced by dark matter annihilation in the core of the Sun. When such low-energy neutrinos interact with the nuclei in the detector through a charged-current interaction, there is often an ejected proton with a forward-peaked angular distribution. Although the gain in statistical significance when using this directional information is only marginal, the increase in the signal-to-background ratio is substantial. The greatest utility of this technique thus lies in reducing systematic uncertainties in studies of low-energy neutrinos arising from dark matter annihilation in the Sun. Although water Cherenkov neutrino detectors, such as SuperKamiokande and Hyper-Kamiokande [15, 16] , may have greater sensitivity to O(100) MeV neutrinos due to their extremely large exposures, they are not capable of performing this type of a directional search. Large LArTPC detectors such as DUNE thus have a unique ability to perform directional neutrino searches at this energy range.
Our assumptions about the thresholds for proton identification at DUNE are based on preliminary estimates. It is clear that lower thresholds can potentially increase the statistical power of this search strategy. As we previously noted, there is a great deal of theoretical uncertainty regarding the neutrino-nucleus scattering cross section in the O(100) MeV energy range. As such, one should best treat these results as a proof-of-principle regarding the feasibility of obtaining direction information for sub-GeV neutrinos at DUNE. For an actual dark matter search, it would be desirable to calibrate the detector with a dedicated stopped kaon experiment. Any stopped pion experiment is also a stopped kaon experiment [39] , and experiments of this type, such as DAEδAELUS [40] are planned for DUNE.
In this vein, we note that a beam dump experiment in the vicinity of DUNE could be used to precisely determine the exact signal efficiency for a given cone opening angle and energy window. With the exception of some dependence on the neutrino flavor ratio the signal efficiency can hence be precisely measured. Backgrounds can be determined from offsource regions and and therefore can be precisely determined. In combination, this would allow one to optimize the choice of energy and angular windows and perform a very robust analysis.
Finally, we point out that although we have studied directional searches at DUNE in the context of the 236 MeV monoenergetic neutrino which can be produced by stopped K + decay in the Sun, this technique can be applied more broadly to any directional signal of O(100) MeV neutrinos. This technique thus has much broader applicability.
